Heat flux correlation models for spray evaporative cooling of vibrating surfaces in the nucleate boiling region by Sarmadian, A et al.
Heat flux correlation models for spray evaporative cooling of 
vibrating surfaces in the nucleate boiling region
Article  (Accepted Version)
http://sro.sussex.ac.uk
Sarmadian, A, Dunne, J F, Long, C A, Thalackottore Jose, J, Pirault, J-P and Rouaud, Cedric 
(2020) Heat flux correlation models for spray evaporative cooling of vibrating surfaces in the 
nucleate boiling region. International Journal of Heat and Mass Transfer, 160. a120159. ISSN 
0017-9310 
This version is available from Sussex Research Online: http://sro.sussex.ac.uk/id/eprint/92765/
This document is made available in accordance with publisher policies and may differ from the 
published  version or from the version of record. If you wish to cite this item you are advised to 
consult the publisher’s version. Please see the URL above for details on accessing the published 
version. 
Copyright and reuse: 
Sussex Research Online is a digital repository of the research output of the University.
Copyright and all moral rights to the version of the paper presented here belong to the individual 
author(s) and/or other copyright owners.  To the extent reasonable and practicable, the material 
made available in SRO has been checked for eligibility before being made available. 
Copies of full text items generally can be reproduced, displayed or performed and given to third 
parties in any format or medium for personal research or study, educational, or not-for-profit 
purposes without prior permission or charge, provided that the authors, title and full bibliographic 
details are credited, a hyperlink and/or URL is given for the original metadata page and the 
content is not changed in any way. 
brought to you by COREView metadata, citation and similar papers at core.ac.uk





Heat flux correlation models for spray evaporative cooling of vibrating surfaces  
in the nucleate boiling region 
 
by 
A Sarmadiana, J.F. Dunnea*, C.A. Longa, J. Thalackottore Josea, J-P Piraulta, and Cedric Rouaudb 
       aDepartment of Engineering and Design 
School of Engineering and Informatics 
    University of Sussex, Falmer, Brighton, BN1 9QT, UK. 
*Corresponding author: E-mail: j.f.dunne@sussex.ac.uk 
 
bRicardo plc 







New empirical correlation models are constructed to characterise heat transfer associated with 
spray evaporative cooling of vibrating surfaces - a process involving complex two-phase physics well 
beyond current numerical simulation capabilities.  The proposed correlation models, which account 
for dynamic, rather than just static surface conditions as in existing models, are constructed using 
dimensional analysis involving the Generalized Buckingham Π-Theorem. Experimentally-measured 
spray evaporative cooling data is used to fit the model using the Vibrational Reynolds number and 
a dimensionless acceleration number which better correlate the influence of surface frequency and 
amplitude in the nucleate boiling regime. Different coolant flow-rates through a full-cone spray 
nozzle are used to cool a flat circular test-piece acting as a horizontal surface. The test-piece surface 
is excited by a shaker through a range of low and high vibration frequencies and amplitudes.  The 
results show that surface dynamic effects certainly influence nucleate boiling, but they also show 
that surface vibration does not have the same effect for all excess temperatures - dynamic effects 
can either increase or decrease heat transfer depending on the heat transfer mechanism. These 
new models are important for thermal management in several areas, particularly involving 












     Designing compact, efficient, and safe thermal management systems is important for the 
development of future low-emission electric and plug-in hybrid vehicles [1]. Improving efficiency in 
low-emission vehicles is of critical importance to meet regulatory targets, for example set by the EU 
for 2030 and beyond [2-4]. Furthermore, light-duty vehicles are expected to provide sufficient 
power, range, and meet the requirements of compactness and safety. Therefore, the immediate 
challenge is in having the capability to confidently design cooling systems with higher levels of heat 
flux. Obvious examples where such a need exists is in the design of thermal management systems 
for very compact vehicle Range Extender engines and Li-ion battery packs. This is further 
complicated by the fact that cooling systems in vehicles are subject to dynamic working conditions 
involving agitation and large amplitude vibration, which unless the physics is understood, may lead 
to unexpected thermal behaviour. 
     In recent years, there has been increasing interest in spray evaporative cooling mechanisms for 
different thermal management purposes [5], including high heat fluxes at low-temperature [6], and 
also at high-temperature [7].  Jafari et al. [8] identified promising cooling mechanisms that may be 
very appropriate to automotive vehicle thermal management. Spray evaporative cooling has several 
major advantages in comparison with single-phase forced convective cooling. First, two-phase spray 
evaporative cooling benefits from higher heat transfer rates, owing to the role of the latent heat 
transfer mechanism. This is in comparison to the sensible heat transfer mechanism associated with 
conventional single-phase methods. Mudawar et al. [9] have reported that a feasible thermal 
management system for hybrid electric vehicles should have the potential to dissipate heat in the 
flux range of 1.5 - 2 MW/m2 while the surface temperature need not exceed 125 ˚C. In this regard, 
the assessment of spray cooling showed that such heat removal requirements are achievable. In 
addition, the capability of spray evaporative cooling covers all the extra heat removal demands 
induced by the downsizing of the internal combustion (IC) cylinders in conventional vehicles [10], as 
well as modern range extenders in future hybrid electric vehicles. Second, there is evidence to 
suggest that spray evaporative cooling provides a uniform temperature across all cooling surfaces, 
eliminating hot spots. This key aspect is vital in the thermal management of electronic components 
and battery stacks, where there is an essential requirement to protect against overheating [11, 12], 
and fires [13]. Further possible applications can be found in the cooling of highly-boosted internal 
combustion engines in conventional vehicles, where temperature uniformity improves knock 
control [8]. Moreover, spray evaporative cooling requires significantly lower mass-flow rates, and 
would therefore result in a substantial reduction in the required coolant mass [14, 15], and a 
significant reduction in pumping power [16]. 
     Precise thermal management for the design of future cooling systems relies on a comprehensive 
understanding of the different flow regimes of spray evaporative cooling. Generally, the flow 
pattern associated with a spray, impinging on a surface, comprises: a nucleate-boiling mode, a 
transition, a critical heat flux (CHF), followed by transition, and a film-boiling regime [17]. In order 
to represent the different flow regimes, (i.e. those commonly found in the literature on spray 
cooling) there are two curves for boiling and quenching, each with different coordinates. A boiling 
curve [18] is a plot of the heat flux versus superheat temperature, i.e. the difference between the 
sprayed surface temperature and the coolant saturation temperature as shown in Figure1a. A 
quench curve [19] is the cooled-surface temperature versus time, i.e. a plot of the transient 
temperature associated with these regimes during the spray cooling as shown Figure1b. One critical 
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conclusion from these curves is that nucleate boiling is the desired regime in which to operate as 











Fig. 1. Spray flow pattern maps: (a) Boiling curve, (b) Quench curve 
 
 
        Figure 2 demonstrates the dynamic and heat transfer mechanisms involved in the spray flow 
field inside a chamber (based on [20]). The working fluid first flows through the inlet pipe. It is 
injected by a nozzle orifice and breaks-up into droplets, flowing through the chamber until the 





move, forming a thin liquid film, or backing away from the surface, consequently splashing around. 
Such droplet behaviour is followed by heat removal from the hot surface through different heat 
transfer mechanisms. There are different heat transfer modes involved, including evaporation of 
the liquid film, convection in both the liquid film and the spray-flow field, as well as a droplet’s effect 
on the liquid film. Moreover, there are two types of nucleate boiling mechanism [21]. One is a 
secondary nucleation generated through the interactions of impinged droplets and the thin liquid 
film [22]. The second is a surface nucleation stemmed from bubble generation in nucleate sites of 
the affected surface. These heat transfer modes, and the complexity of their resulting interactions, 
make developing correlations with a high nonlinearity in the heat transfer physics challenging, but 
of vital importance. In this regard, much of the current literature on spray cooling pays particular 
attention to models and empirical correlations that are important for design, such as those that can 
predict the interaction of the heat transfer mechanisms. Table 1 contains most of the developed 
correlations for nucleate boiling regime, a promising and safe mode for the design of spray cooling 
systems with static surfaces. 
     Vibration is also considered to have an influence on heat transfer [23]. Cooling systems, especially 
those used for the automotive industry, are mostly under dynamic environments. Consequently, 
modelling should consider the effect of vibration as an externally imposed force. Presently, there 
are no published experimental studies addressing spray cooling which involve nucleate boiling. A 
recent study by Sathyabhama et al. [24] investigated pool-boiling. The results of the study [7] 
concluded that at low frequencies (10 Hz) and amplitudes (2.5 mm), vibration has a positive 
influence on heat transfer coefficient (by 26%) compared to when vibration is absent. At high 
frequencies and amplitudes, vibration impedes boiling. This study suggests the existence of an 
intermediate optimum between low and high frequencies and amplitudes. For spray cooling in two-
phase flow nucleate boiling, there is only one investigation involving a numerical study on the effect 
of single and multiple droplets on the surface in the presence of surface vibration [8]. It is performed 
by the Volume of Fluid (VOF) method [25]. The study contains two case studies of frequency 
injection. Low frequency injection generates a sole droplet. A slightly higher frequency injection 
generates less than five droplets. The whole domain contains the effect of either sole or multiple 
droplets on a liquid film, with a bubble sticking to the hot surface interior. A preliminary study which 
considers such a limited number of droplets cannot be used in modelling, thermal management, or 
system design of spray cooling systems, especially under dynamic conditions (e.g. automotive 
applications). However, it is of great importance to the theoretical understanding of the physical 
phenomenon. Tropea and Roisman [26] discuss that such an approach which considers such a 
limited number of droplets is not capable of predicting the whole spray effect behaviour reliably. 
They raise concern for the disturbing interactions between drops sprayed onto a surface. They also 
draw attention to the fluctuations that impinged droplets impose on the liquid film. The study [37] 
exposes a significant need for further research.  
     In this paper, the objective is to investigate (for the first time) the effect of vibration on spray 
evaporative nucleate boiling for a full-cone spray impinging on a (heated) flat circular copper test 
piece, driven by a shaker. Experimentally-measured data is obtained and corresponding empirical 
correlation models are developed and fitted by exploiting dimensional analysis and similitude 
conditions involving the effect of vibration on the trend of the measured data in particular making 




Fig. 2. Dynamic and Heat transfer characteristics of spray cooling process 


















Hsieh et al. 
(2015) [27] 
DI water ∆𝑇𝑠𝑢𝑏 = 77 ˚𝐶, 𝑊𝑒 = 30 𝑎𝑛𝑑 32.9, 𝐻 = 170𝑚𝑚, 𝐽𝑎 = 0.145 − 0.16 ± 20 5 (C1) 
Yang et al. 
(1996) [21] 





𝐺 = 340 − 750 kg/m2s, ∆𝑇𝑠𝑢𝑏 = 25 − 78 ˚𝐶, 𝑅𝑡 = 5 − 79 𝜇𝑚,  
𝑃𝑎𝑚 = 1 − 1.8 𝑏𝑎𝑟 
± 19 10 (C3) 
Tan et al. 
(2013) [29] 





Roughness levels of 320, 400, and 600 grit: 𝛼 = 0 − 90, 𝑣 = 1.5 − 3 𝑙/ℎ, 
𝑑𝑑 = 85 − 100 𝜇𝑚, 𝑇𝑐 = 24˚𝐶, ∆𝑇𝑠𝑢𝑏 = 30 𝑎𝑛𝑑 76 ˚𝐶, 𝑞 ≤ 5 𝑀𝑊/𝑚
2 





Smooth surfaces: 𝑣 = 1.5 𝑙/ℎ, 𝑑𝑑 = 85 − 100 𝜇𝑚, 𝑇𝑐 = 24˚𝐶,  
∆𝑇𝑠𝑢𝑏 = 30 𝑎𝑛𝑑 76 ˚𝐶, 𝑞 ≤ 5 𝑀𝑊/𝑚
2, 𝑃𝑛~5 𝑎𝑛𝑑 8 𝑏𝑎𝑟 
± 10 ≤7 (C6) 
Sehmbey et al. 
(1995) [31] 
Liquid N2 
Smooth surfaces: 𝐺 = 16.9 − 88.9 kg/m2s, 𝑑32 = 14 − 29 𝜇𝑚, 𝑢𝑚 =
14 to 30.7 m/s, 𝑞 ≤ 1.65 𝑀𝑊/𝑚2 
- ≤8 (C7) 
Hsieh et al. 
(2004) [32] 
water 
∆𝑇𝑠𝑢𝑏 = 55 − 60 ˚𝐶, 𝑊𝑒 = 80 − 231, 𝐻 = 60𝑚𝑚, 𝑑32 = 42 − 46 𝜇𝑚, 
𝐺 = 0.178 − 0.306 kg/m2s, 𝑃𝑛 = 1.5 − 2.5 𝑏𝑎𝑟 
- 1.05 ≤ U1≤ 9.06 (C8) 
Hsieh et al. 
(2004) [32] 
R-134a 
∆𝑇𝑠𝑢𝑏 = 2 − 4 ˚𝐶, 𝑊𝑒 = 50 − 152, 𝐻 = 60𝑚𝑚, 𝑑32 = 42 − 46 𝜇𝑚, 
𝐺 = 0.064 − 0.108 kg/m2s, 𝑃𝑛 = 6.2 − 7.2 𝑏𝑎𝑟 





𝑑05 = 210 − 980 𝜇𝑚, 𝑢𝑚 = 5.4 − 28 𝑚/𝑠, 𝑞 = 0.001 − 0.5 𝑀𝑊/𝑚
2, 
𝑇𝑐 = 5 − 10˚𝐶, 𝐻 = 18 − 35𝑐𝑚, 𝑊𝑒 = 2200 − 13750 






∆𝑇𝑠𝑢𝑏 = 76 − 77 ˚𝐶, 𝑑32 = 109 − 151 𝜇𝑚, 𝑣 ̅ = 35 − 186 m
3s−1/m2 
∆𝑇𝑠𝑢𝑏 = 23 − 27 ˚𝐶, 𝑑32 = 109 − 151 𝜇𝑚, 𝑣 ̅ = 35 − 186 m
3s−1/m2 
MAE2=22.7 - (C11) 
Pereira et al. 
(2013) [35] 
water 
4-5 array of full cone nozzles: ∆𝑇𝑠𝑢𝑏 = 30 − 75 ˚𝐶, 𝐺 = 0.3 − 7.2 
kg/m2s 
MAE=10.6 1.3 ≤ U ≤ 1.7 (C12) 
Dou et al. 
(2015) [36] 











𝑇𝑐 = 23±0.5˚𝐶, 𝑣 ̅ = 0.06 − 9.96 m
3s−1/m2, 𝑢𝑚 = 10.6 − 26.7 m/s 
𝑑05 = 434 − 2005 𝜇𝑚 
- - (C15) 
 




Table 1. Continued:   
 
*Developed correlations associated with Refs. [18][20 -33] identified by Equations C1 to C15 as appropriate: 
 
 𝐵𝑜𝑚 = 𝑐(𝑊𝑒)
𝑚(𝐽𝑎)𝑛(𝐻/𝐿)𝑟, 𝑐 = 12.3, 𝑚 = 0.525, 𝑛 = 1.854, and 𝑟 = 0.924.                                  (C1) 
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                                                          (C8) 
 𝐵𝑜𝑚 = 𝐶(𝑊𝑒)
𝑚(𝐽𝑎)𝑛, 𝑐 = 2.1, 𝑚 = 0.66, 𝑛 = 1.51                                                                               (C9) 
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                                                                               (C11) 
 𝑞 = 2067(𝑇𝑤 − 𝑇𝑠𝑎𝑡)
1.57                                                                                                                          (C12) 
 𝑞 = 1.837 × 104(𝑇𝑤 − 𝑇𝑐)
0.69                                                                                                                 (C13) 
 𝑞 = 0.56 × 10−5(𝑇𝑤 − 𝑇𝑐)
6                                                                                                                     (C14) 
 𝑞 = 1.87 × 10−5(𝑇𝑤 − 𝑇𝑐)
5.55                                                                                                                 (C15) 
 
 
2 Experimental measurement facilities 
 
     Figure 3a and Figure 3b show the test-piece located in a chamber, attached by a shaft to a 
mechanical shaker (Bruel & Kjaer V555). The test piece and nozzle inside the chamber can be 
simultaneously shaken at different amplitudes and frequencies. The amplitude and frequency of the 
shaker was controlled using a Feedback Instruments FG600 signal generator with a pure sine wave 
option. A Piezotronics PCB A 353B15 accelerometer (10.27 mV/g, 1 Hz - 10 kHz) is attached to the 
bottom of the drive shaft bolted to the shaker head. Corresponding acceleration signals were 
measured by a National Instruments data acquisition system. The test piece is a copper disc with a 
diameter of 20 mm, with a smooth surface and a thermal conductivity of 385 𝑊𝑚/𝐾. Three T-Type 
thermocouples are used, the first of which is located 1 mm under the coolant surface of the test 
chamber, followed by two more thermocouples evenly located 5.5 mm below each other. This is to 
facilitate heat flux measurement capabilities. The test piece is heated by six Watlow 250W cartridge 
heaters controlled by 0 to 5 V signals from an NI9264 module and a power regulator (EVR-25BF). 
Figure 3c shows a cross-sectional CAD view of the chamber, including the test piece, heater block, 
shaker, bolts and a shroud. There is an 88 mm clearance between the cylindrical wall of the chamber 
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and the edge of the test piece surface. This clearance is made possible by the choice of dimensions 
of the chamber (a cylinder with an internal diameter of 196 mm, and the 20 mm disc test-piece). 
The 88 mm clearance adequately minimizes the risk of droplet reflection (from the surrounding 
walls) onto the spray flow field. Changes to the nozzle-to-surface arrangement (plus knowledge of 
the spray characteristics for different operating conditions) enables the spray covering diameter to 
range from 16 mm to 25 mm. This ensures that the spray impinges only onto the test piece and the 
shroud. The characteristics of the spray available from a UNIJET® HYDRAULIC SPRAY- TG tip-type 
nozzle used, are summarised from manufacture’s data and given in Table 2. 
 
 
Table 2. Spray specification for the operating conditions of the UNIJET nozzle. 
 
UNIJET TG HYDRAULIC FULL CONE SPRAY SPECIFICATION 






) 𝑑05 (µm) 𝑑32 (µm) 
0.51 50 - 61 16 - 25 1.3 - 3 16.5 - 25 89 - 146 198 - 246 
 
 
    Figure 4 shows a schematic view of the complete experimental test system and test rig which 
comprises the following components. Firstly, a pump (Micropumps MGD100P) supplies de-ionised 
water to the full-cone UNIJET® nozzle (TG tip-type, ranging from 0.14 litres/min at 1.3 bar, to 0.39 
litres/min at 10 bar). The nozzle is located on top of the test chamber. Second, a tank separates 
vapour and liquid and delivers it to the condenser and condensate tank. Third, an air-cooled 
condenser (Denso RDP 583) where vapour from the test chamber is vented through a throttle valve. 
A miniature heat exchanger cools the condensate (at exit from the condenser) to below the 
maximum operating temperature of the pump (100 ˚C). Two 345 W band-heaters (see the feed 
heater in Figure 4) with a controllable 0 to 5 V power regulator (United Automation, EVR-25BF, AC 
Burst Fire Controller) heat the feed-water to the nozzle to obtain different degrees of sub-cooling 
(i.e. the difference between saturation and inlet temperatures). The feedwater temperature is 
regulated by a PID controller in the CRIO-9035 National Instrument. Two digital pressure 
transducers (Omega PXM309) are linked to the data acquisition system to provide a constant record 
of the chamber pressure and the nozzle pressure difference. A low-flow turbine meter (Omega 
FLR1009ST-D) is situated just after the pump to measure the flow-rate, and is used as a state variable 
for the PID controller in FPGA CRIO-9035 to control the pumping voltage. This enables constant flow 
rates to be obtained during experimentation. A header tank is also fitted at the highest point in the 





























































Fig. 3. Spray system configuration inside the chamber under: a) dynamic, and b) static conditions (not to scale);  






Fig. 4. Schematic view of the complete experimental test system and test rig 
3 Dimensional analysis and the Generalized Π –Theorem 
 
     Dimensional analysis is one of the most important steps in pre-experimental planning and 
modelling phases [39]. Implementing dimensional analysis such as via the Buckingham Π-Theorem 
[40,41], and developing from it, only important dimensionless parameters, reduces the amount of 
data measurement required, and significantly reducing resource needs. Initiating dimensional 
analysis before quantitative analysis also helps reach an understanding of a problem with minimum 
complexity, which is highly beneficial when investigating novel phenomena, for which the governing 
equations of a model and associated boundary conditions are not yet fully established [42]. 
     In constructing a model for heat flux, dimensional analysis must be based on a complete set of 
independent parameters. Preliminary investigation shows that some independent variables exist 
which also define the dependent variable of interest. These should have invariant values in all cases 
under consideration. For example, in spray cooling, all sets of experimental measurements should 
be taken at the same chamber pressure, and in equilibrium conditions. However, in two-phase flow, 
some of the fluid properties (which act as independent variables) define the heat flux (a dependent 
variable) and have the same invariant values. This is also true of the spray specifications in 
experimental measurements using the same nozzle. Neglecting quantities which have the same 
value, can however adversely affect the dimensional analysis. To avoid this difficulty, the 
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Generalized Π-Theorem [43] is used from now on to establish the appropriate forms of correlation 
model, first without, and then with, cooling surface vibration.      
     Based on the experimental test rig available (as shown in Figure 3 and Figure 4), measurements 
can be obtained either with or without mechanically-induced vibration. The use of a National 
Instruments data acquisition (DAQ) system allows data to be collected corresponding to different 
system states. For static measurements during nucleate boiling (as summarised by Table 1), heat 
flux, as a dependent variable, can be fully determined from the fluid properties, geometry, forcing, 
and spray specifications as provided in the functional relationship demonstrated by the following 
function: 
 
𝑞 = 𝜑(𝜌𝑙 , 𝜌𝑣̋ , ℎ𝑓𝑔, 𝜇𝑙, 𝐶𝑙, 𝜎, 𝑇𝑐, 𝑇𝑤, 𝑃𝑛, 𝑃𝑐ℎ, ∆𝑇𝑐, ∆𝑇𝑠𝑎𝑡, ∆𝑇𝑠𝑢𝑏, 𝑃𝑎𝑡, 𝑢𝑑 or 𝑢𝑚, ?̇?, 𝑑32, 𝑑𝐻 , 𝐻)                             (1) 
 
where in Equation (1), the variables ?̇? and 𝑑32 can be replaced by  𝑣, or 𝑑05 respectively. All 
quantities are described in Table 3 (which gives the units in both SI and MLT systems). It should be 
noted that all key parameters in equation (1) are used in different empirical correlations of spray 
cooling. These are available in Table 1 and are discussed in [6]. 
     There are currently no studies in the literature that have employed dimensional analysis for 
dynamic measurements (i.e. in the presence of vibration). Therefore, no correlation has yet been 
developed to predict the heat flux in nucleate boiling under dynamic conditions. There is however 
a study on two-phase flow spray characteristics including vibration. This is a purely numerical 
investigation which uses the Volume of Fluid (VOF) method [44] on the effect of single and multiple 
droplets on a vibrating surface. In order to develop a relation for the first time, basic fluid dynamics 
suggests that heat flux should at least be based on those independent parameters appropriate for 
static conditions. It should also use vibration amplitude 𝑎, vibration frequency 𝜔 = 2𝜋𝑓, and to 
characterise acceleration, the gravitational constant g.  Therefore, the proposed functional form for 
nucleate boiling is as follows: 
 
𝑞 = 𝜑(𝜌𝑙 , 𝜌𝑣̋ , ℎ𝑓𝑔, 𝜇𝑙, 𝐶𝑙, 𝜎, 𝑇𝑐, 𝑇𝑤, 𝑃𝑛, 𝑃𝑐ℎ, ∆𝑇𝑠𝑎𝑡, ∆𝑇𝑠𝑢𝑏, 𝑃𝑎𝑡, 𝑢𝑑 or 𝑢𝑚, ?̇?, 𝑑32, 𝑑𝐻 , 𝐻, 𝑎, 𝜔, 𝑔)                    (2) 
where also in Equation (2) the variables ?̇? and 𝑑32 can be replaced by  𝑣, or 𝑑05 respectively. The 
dimensions, and a description of different parameters, are given in the Table 3. 
 
Table 3. Parameters with dimensions in SI and MLT systems. 
 Dimensions 
Quantity Symbol SI MLT 
𝑞 Heat Flux kW/m2 MT-3 
𝜌 Density kg/m3 ML-3 
ℎ𝑓𝑔 Latent heat kJ/kg L2T-2 
𝜇 dynamic viscosity Kg/m s ML-1T-1 
𝐶𝑙 specific heat kJ/kg k L2T-2θ-1 
𝜎 surface tension N/m MT-2 
𝑃 pressure kPa ML-1T-2 
𝑇 temperature K θ 
𝑢 velocity m/s LT-1 
?̇? Mass flow rate kg/s MT-1 
𝑣 Volumetric flow rate m3/s L3 T-1 






, 𝛼 is spray angle m3s-1/m2 LT-1 
𝑑32 Sauter mean diameter m L 
𝑑05 mass or volume median diameter m L 
𝑑𝐻 Hydraulic diameter of the heating surface m L 
𝐻 Height from nozzle to surface m L 
𝑎 Amplitude m L 
𝜔 Angular frequency 1/s T-1 




     After defining independent variables (key parameters) Dimensional Analysis is undertaken. To 
determine the number of Π-terms in the procedure [43], invariant parameters in different case 
studies need to be identified. Invariant parameters (e.g. Chamber Pressure) can be identified 
according to the test plan. For example, experiments are only conducted under atmospheric 
pressure. Following Dimensional Analysis, the dimensionless Π-parameters (which entirely comprise 
invariant quantities, with fixed values) can be omitted, resulting in further simplification. As a result 
of applying this form of Dimensional Analysis, all the derived functional forms corresponding to 
different spray evaporative cooling with test plans for both dynamic and static conditions are 
provided in Table 4 (i.e. for Nucleate boiling; Equations (1) and (2)). 
 
 




























































































































































































































































































     Based on the test rig capability, three different test plans are considered for experiments in static 
and dynamic environments. The first plan uses variable pressure and the degree of subcooling (i.e. 
‘None’ invariant parameter in Table 4). The second plan uses constant pressure (with invariant 𝑃𝑐ℎ 
in the second column of Table 4). The third plan uses constant pressure and the degree of subcooling 
(𝑃𝑐ℎ, ∆𝑇𝑠𝑢𝑏). To undertake experiments with constant pressure (above atmospheric only) the test 
rig is equipped with a control valve (See Figure 4), which can be adjusted manually if required.  In 
order to control the degree of subcooling (∆𝑇𝑠𝑢𝑏 = 𝑇𝑠𝑎𝑡 − 𝑇𝑐), the saturation temperature 𝑇𝑠𝑎𝑡 can 
be held at a constant value by the same control valve which keeps chamber pressure constant. This 
is a result of the equilibrium nature of two-phase flow. A temperature PID controller can be used to 
set the inlet temperature 𝑇𝑐 at a constant value by actuating the feed-heater load (i.e. Number 2 on 
Figure 4). And as is provided in the third column of Table4, the number of Π-terms are reduced for 
the functional forms obtained, from ‘None’ invariant parameters to those for fixed 𝑃𝑐ℎ and ∆𝑇𝑠𝑢𝑏, a 
result of the Generalized Π–Theorem algorithm. 
     Furthermore, dimensionless functional forms can be derived based on modelling requirements 
and expectations; designated here by: spray specifications and flow rate (i.e. the fourth column of 
Table 4). Whether, for instance, it is for a design purpose in which spray specifications are important, 
or a special control approach that the pumping flow rate (either ?̇? or 𝑣) plays an important role on 
the wall temperature control, different dimensionless Π–terms can be obtained as shown in the last 
column of Table 4. In other words, these Π–terms can simplify measurement requirements, such as 
spray specifications which are usually costly and time consuming to obtain. They also make system 
identification easier.   
     Table 4 shows three dimensionless numbers which are well known in fluid mechanics. These are 
the Boiling Number (𝐵𝑜 = 𝑞𝐻/𝜇𝑙ℎ𝑓𝑔), the Jacob Number (𝐽𝑎 = 𝐶𝑙∆𝑇/ℎ𝑓𝑔), and the Weber Number 
𝑊𝑒 = 𝜌𝑙(𝑢𝑚
2 𝑜𝑟 𝑣 ̅ 2)𝑑32/𝜎. In the functional forms corresponding to ‘flow rate’ measurements, 




contains mass (?̇?) or volumetric flow rate (𝑣) instead of spray specifications of ‘𝑢𝑚 𝑜𝑟 𝑣 ̅’ and ‘𝑑32’ 
in the Weber Number. What is interesting about the functional forms associated with the dynamic 
condition is that a Vibrational Reynolds Number 𝑅𝑒𝑉 = 𝜌𝑙𝑎𝜔𝑑𝐻/𝜇𝑙 is obtained. In fact, Vibrational 
Reynolds Number is a representation of the turbulence resulting from the vibrating surface [24]. It 
is a metric to understand how vibration through the enhanced turbulence can affect heat transfer. 
Hypothetically, heat transfer enhancement or attenuation, as a consequence of the vibration field 
(if there is any) can be explained by increased flow turbulence, a thinned or thickened boundary 
layer, more or less generated nucleate sites [45] and the changed wetting-angle [44]. In addition, 
there is a dimensionless acceleration number, 𝜔2𝑎/𝑔 in the dynamic functional forms. The 
dimensionless acceleration number is helpful in considering any possible effect of experimentally-
measured acceleration (using an accelerometer). The effect of acceleration on the spray cooling 
heat transfer has been empirically investigated in the following dynamic conditions: An acceleration 
test bench with a rotating arm [46], a reduced gravity condition [47], and on an aircraft doing 
parabolic flights [48, 49]. However, there are inconsistencies in the conclusions, owing to the 
complexity of spray heat transfer mechanisms and differences in experimental conditions. Thus, 
acceleration stemmed from the vibrational environment (which is different to aerospace conditions 
in terms of heater orientation), is also of importance to the understanding of spray cooling for all 
dynamic conditions such as for automotive and aerospace vehicle applications. 
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4 Experimental test procedure and data reduction 
 
     A total of 70 sets of experiments were undertaken for both static conditions (without vibration) 
and dynamic conditions (with vibration at frequencies ranging from 1.9 to 400 Hz). The vibration 
test amplitude ranges from ± 0.02 to ± 12 mm. Table 5 gives the test data for this empirical study. 
 

















































0.02 - - - - - ✓ ✓ ✓  
0.1 - - - ✓ - ✓ - -  
0.08 - - - - - - ✓ -  
0.2 - - - - ✓ - - -  
1 - - - ✓ ✓ - - -  
2 - ✓ ✓ - - - - -  
4 - ✓ ✓ - - - - -  
8 - ✓ ✓ - - - - -  
12 ✓ - - - - - - -  
 
     During each test-run, the data for any new state was collected between 3 to 7 minutes 
(depending on the thermal inertia) after changing the cartridge heater loads to make sure that the 
system reached the steady state conditions. A test-run for the case study involving static cooling 
surfaces with a flow rate of 180 ml/min was conducted twice for the purposes of checking 
repeatability of the test facility. The heat flux was calculated using a solution for the one-





                                                                                                                                                         (3) 
 
Using measurements taken from thermocouples embedded in the test piece, where 𝑘, 𝑑𝑇, and 𝑑𝑥 are the 
thermal conductivity, the temperature difference, and the distance between the top and bottom 
thermocouples located in the test piece i.e. 11 mm. 
 
  Uncertainty analysis  
 
     To describe the uncertainties in the current experimental study, a method by Moffat [50] was 
utilised as follows: 
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) multiplied by the error in the measurement (𝛿𝑋𝑖). For the heat flux, the 



















where the maximum uncertainty in the calculation of heat flux, at the maximum experimentally-
measured data point of 3.23 𝑀𝑊/𝑚2 is expected to be 2.97%. Table 6 gives the measurement 
errors and parameter uncertainties. 
 
 
Table 6. Uncertainties of the measured and calculated quantities. 
 
Parameter Uncertainty (%) Units 
Thermocouples ±0.4 ℃ 
Pressure transducers ±0.25 bar 
Volumetric flow rate ±0.6 (of full scale) ml/min 
Diameter ±1 mm 
Length ±1 mm 
Accelerometer amplitude ±10 mm 
Accelerometer frequency ±5 Hz 
Heat flux ±2.97 MW/m2 
 
 
5 Results and discussion 
 
     This section provides the results of the static and dynamic case studies, as well as the developed 
correlations. First there is a comparison between the equivalent boiling curves (with and without 
mechanically-induced vibration) to assess the prospective influence of vibration on the heat flux. 
Next there is a discussion of the effects of low to high frequencies as well as small to large 
amplitudes to further understand the trend of vibration over static results. The final section presents 
the results of the fitted data to the relevant correlations (already derived by Dimensional Analysis). 
There is also a discussion of prediction error bands, which play a vital role in the development of a 
concise and reliable model for spray cooling under static and dynamic conditions. 
 
  Static surface results 
 
     Figure 5 shows the effects of volumetric flow rate and nozzle-to-surface distance on the 
measured heat flux over different excess temperatures. The excess temperature ∆𝑇 is defined as 
the difference between the sprayed surface temperature and the coolant saturation temperature 
(i.e. ∆𝑇 = Ts - Tsat). Two different nozzle-to-surface distances are 17 and 21 mm. The volumetric flow 
rate ranges from 140 and 200 ml/min, the heat flux ranges from 360 kW/m2 to 3070 kW/m2 and 
the excess temperature ranges from 9.5 to 70 ˚C. An increase in the flow rate at most of the 
equivalent excess temperatures gives rise to an increase in heat flux. However, there are two 
important reverse trends. One occurred when the flow rate is increased from 160 to 180 ml/min 
for the nozzle height of 21 mm, there is actually a slight reduction in the heat flux during all excess 
temperatures rather than an increase. The second occurred at an excess temperature of around 10 
˚C where there is a reverse trend in the heat flux result for the flow rate of 140 ml/min, which has 










     It can be hypothesised that the first reverse trend is a result of an increased spray angle. In this 
case, a higher volumetric flow rate causes a higher pressure difference across the nozzle, i.e. here, 
from 1.6 bar to 2.3 bar. It is stated on the (UNIJET® nozzle, TG tip Type) manufacturers data sheet, 
that the spray angle varies from 50˚ to 61˚. This hypothesis is supported by two studies. In their 
research about the effect of spray angle on spray cooling performance, Schwarzkopf et al. [51] 
reports a heat transfer attenuation when the spray angle exceeds 50˚. In this case, increased spray 
cone-angle at 180 ml/min means lower effective volumetric flow rate covering the test piece, 
providing less heat-transfer compared to that for a lower volumetric flow rate of 160 ml/min but 
with a higher effective flow rate. The same reverse trend has been observed by Zhang et al [46]. In 
support of this observation, readers should refer to the results for the smaller nozzle-to-surface 
distance of 17 mm for 160 and 180 ml/min in Figure 5. Thus, with an increase in flow rate, the spray 
is able to increase its mass flow rate per unit area. In general, the trend shows that the effect of 
reducing the surface-to-nozzle distance is beneficial to the heat transfer and therefore increases the 
heat flux during all of the excess temperature regions. It is possible to maintain the same volumetric 
flux even with a reduction in cone angle by reducing the height 𝐻. This is evident from the 








                                                                                                                                   (6) 
where 𝑣 ̅ is the volumetric flux, 𝑣 is volumetric flow rate, 𝛼 represents spray cone angle, and 𝐻 is 
nozzle-to-surface distance. Owing to the limited experimental conditions, it was impossible to find 
































Furthermore, a reduction in the nozzle-to-surface distance results in an increased momentum, 
droplet impact velocity, and more droplet-liquid film interactions, which can also lead to the heat 
transfer enhancement [53]. The droplet impact velocity or droplet breakup velocity can be obtained 
from a simple energy balance analysis developed by Ghodbane and Holman [33]. It is then 
developed by Qiao and Chandra [54] in a way to include gravitational potential energy and 









− 2𝑔𝐻𝑠𝑖𝑛(𝛼))                                                                                                                           (7) 
 
where 𝑢𝑜, ∆𝑃 and 𝑑05 are respectively the mean velocity of water entering nozzle, the pressure 
drop across spray nozzle, and the mass median droplet diameter.  
     The second reverse trend (at an excess temperature of 10 ˚C) can be explained by a smaller 
droplet impact velocity onto the thin layer of water accumulated on the surface for the data point 
at 140 ml/min, owing to a lower pressure difference around the nozzle (here 1.3 bar for 
140 ml/min comparing to 1.6 and 2.3 bar for 160 and 180 ml/min). Such an incident makes a lower 
penetration effect lead to the advent of nucleation at a lower surface temperature, owing to less 
suppression force in front of bubble departure from nucleation sites. The conclusion is that leading 
the advent of the nucleate boiling regime to a lower surface temperature enhances the heat transfer 
coefficient at the same excess temperature. 
     The flow rate and nozzle specification are chosen to typically correspond to the cooling system 
of a hybrid electric vehicle. These requirements are adopted to address identified thermal 
management problems [1] such as controlling steady-state surface temperature with heat flux levels 
in the range 0 - 2 MW/m2. These thermal requirements are feasible in the nucleate boiling regime 
[2] which is a primary motivation of generating appropriate experimental data.  However, the 
operating conditions and parameters are limited by the pump power (using a Micropumps 
MGD100P model) which is not capable of providing a higher flow rate with the chosen nozzle. This 
MGD100P pump was chosen to provide a Coefficients of Performance of between 1 - 4 (i.e. the 
ratio: Heat Flux/Pump Electrical Power) which is the typical situation arising when cooling high-
powered electrical systems found in hybrid and battery-powered vehicle cooling systems. Moreover 
(according to the manufacturer’s datasheet), the UNIJET® nozzle does not have a full cone spray for 
flow rates lower than the prevailing operating region (i.e. 140 ml/min). Our experimental findings 
are therefore restricted to the stated operating conditions and parameters. Extending the operating 
conditions could therefore conceivably change the overall trend. 
     The measurements presented shortly focus solely on the nucleate boiling regime of evaporative 
spray cooling. Excursions into the critical heat flux (CHF), and beyond into the transition boiling 
regime, were experienced in the commissioning phase of the experimental test facilities. It is well 
known however that once the CHF is reached, the subsequent transition boiling regime is unstable. 
As a result of a vapour film replacing the liquid film adjacent to the surface, the heat flux decreases, 
and the surface temperature increases. This phenomenon was, as previously mentioned, observed 
in the commissioning phase. The rise in surface temperature is very rapid occurring within seconds 
and exceeds 300°C. This was considered to pose a danger to the experimental test rig, in particular 








   Dynamic surface results 
 
Firstly, the influence of vibration on the heat transfer will be investigated in the middle range 
operating conditions. Then, the results of harsh dynamic conditions, including high frequency 
vibration with small amplitudes, and large amplitude vibration at low frequencies, will be thoroughly 
evaluated to cover a wide operating condition. In addition, the results associated with the effect of 
flow rate and nozzle-to-surface distance are compared for high frequency vibration and the 
relationship between them has been explained (i.e. for two nozzle heights). This is because the trend 
showing the effect of vibration for different flow rates and nozzle heights may be different. (In 
particular having the information in the same figure provides an opportunity to study the influences 
of flow rate and nozzle height in the presence of vibration). Large amplitude results represent typical 
dynamic operating conditions associated with real vehicle dynamics, a primary focus of the study. 
 
5.2.1  The effect of varying flow rate on heat flux with and without surface vibration 
 
     Figure 6, Figure 7, and Figure 8 show the heat flux as a function of excess temperature for the 
test results with flow rates between 140 ml/min and 180 ml/min at nozzle height of 21 𝑚𝑚 in 
middle frequency range vibrations. Also shown on each figure (and later figures) is the effect ratio. 
This is defined as the ratio of the dynamic-heat-flux/static-heat-flux which in all cases (except for 
Figure 6c) uses the dynamic case that produces the largest effect. First, to inspect the static and 
dynamic results for any influence of amplitude on the heat flux, two fixed frequencies of 10 Hz and 
60 Hz are considered together (respectively in subplots of (a) and (b) in the figures 6, 7, and 8). To 
allow room for inspection, the vibration amplitude for all three flow rates changes from 0.1 mm to 
1 mm at 10 Hz, and from 0.2 mm to 1 mm at 60 Hz. By increasing the amplitude, the lower values 
of measured heat flux for most data points indicates that the vibration amplitude itself impedes the 
heat transfer rate. It should be noted that the effect is more visible at lower excess temperatures 
(i.e. less than 30 ˚C) for flow rates of 140 ml/min and 160 ml/min at 10 Hz, which adversely affects 
the incipient nucleate boiling regime. To support this claim, see the reductions in the heat flux in 6a 
(i.e.: -14.9% at 9.3 ˚C), and in 7a (i.e. -18.1% at 14.7 ˚C), whereas there is only a subtle decrease in 
the heat flux of 180 ml/min in Figure 8a. 
     By increasing the amplitude from 0.2 mm to 1 mm at the higher frequency of 60 Hz, there is a 
similar trend for the flow rate of 160 ml/min. At the low excess temperature of 15.9 ˚C for mass 
flow rate of 180 ml/min, vibration increases heat flux. This reverse trend, with the noticeable heat 
transfer increase of +13.6% can be attributable to the faster periodic change in the target surface 
height (with respect to the spray flow field), owing to the 1 mm vibration amplitude, which also 
influences spray angle. As was explained in the previous section, for the mass flow rate of 180 
ml/min at nozzle height of 21 mm, there was a threshold adversely affecting the heat transfer rate 
that was attributed to the resultant change in the spray angle. To explain this, as can be seen in 
Figure 8a, compared to the trend of the boiling curves for the lower flow rates at 10 Hz, the effect 
of heat transfer attenuation owing to amplitude has been weakened. In this particular case, 
therefore, this conjecture has credibility, in that at a higher frequency of 60 Hz, the faster change in 
amplitude (i.e. ±1 mm) and consequently having shorter periods of impeding spray angle, enhance 
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Fig. 8. Nucleate boiling curves with and without vibration for the flow rate of 180 ml/min. 
 
     By contrast, subplots Figure 6c, Figure 6d, Figure 7c, Figure 7d, Figure 8c, and Figure 8d 
demonstrate the influence of frequency on the heat flux at fixed amplitudes of 0.08, 0.1, and 1 mm 
for step changes in frequency of 10 to 60 Hz and 100 to 200 Hz. Considering the step change of 10 
Hz to 60 Hz, there are only two visible enhancement effects in flow rates of 140 ml/min and 180 
ml/min. As can be seen in Figure 7c, at 140 ml/min the higher frequency of 60 Hz around an excess 
temperature of 72 ˚C, contributes to heat transfer enhancement (of 3.7%), compared to that for a 
lower frequency of 10 Hz. A heat transfer enhancement of 5.5% is observed at the flow rate of 180 
ml/min around an excess temperature of 35.5 ˚C. The reason for this increase in heat flux for a 
higher frequency (from 10 to 60 Hz) at a fixed amplitude, is due in part to the enhanced vibrational 
Reynolds number (𝑅𝑒𝑉 = 𝜌𝑙𝑎𝜔𝑑𝐻/𝜇𝑙) promoting the turbulence. Additionally, the resulting 
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acceleration in the liquid film plays a prominent role in providing better liquid drainage [46] and a 
thinner layer on top of the surface, thereby reducing thermal insulation. This claim can be supported 
by the fact that the dimensionless acceleration (𝜔2𝑎/𝑔) increases in proportion to the frequency 
squared. 
     Further inspection of the plots shows no visible change in the heat flux by the step change in 
higher range frequencies of 100 Hz to 200 Hz. This observation is not inconsistent with the previous 
conclusion because the effect of vibration in the presented range of amplitude and frequency is in 
general impeding. At this step change for all flow rates, the trend shows a convergence to the results 
of static cases. Therefore, in comparison with the results under low frequency vibration versus the 
static case, no change in the heat flux for the higher frequencies (over static) offers an improvement 
by the increased Reynolds number and acceleration. 
 
5.2.2  The effect of high-frequency low-amplitude surface vibration on heat flux 
      
To understand how frequency can affect the trend of the nucleate boiling curve, results with low 
amplitude of 0.02 mm, and three high frequencies of 100, 200, and 400 Hz are shown in Figure 9, 
Figure 10, and Figure 11. The results for the nozzle-to-surface distances of 17 mm and 21 mm are 
given. For the nozzle height of 21 mm, considering the lower flow rates of 140 ml/min, the results 
are given in Figure 9b, and for 160 ml/min in Figure 10b. Across all the excess temperature regions, 
the heat-flux does not follow the changes in frequency, although a small decrease in heat-flux from 
increasing frequency is evident in the results for the lower excess temperature regions (i.e. below 
30 ˚C). By contrast, for excess temperature above 30 ˚C, the gradient of the heat flux as a function 
of excess temperature is similar for all frequencies. This effect becomes more intense with a higher 
flow-rate of 180 ml/min as shown in Figure 11b, as the gaps between the curves increase with an 
increase in frequency and excess temperature (up to 8.2% in Figure 11b). This clearly indicates that 
there is a definite effect of frequency on the heat transfer, which can be either enhancement or 
attenuation depending on the mechanism of nucleation. 
     Exploring the effect of high frequency vibrations on the trend for the lower nozzle height of 17 
mm, Figure 9a, Figure 10a, Figure 11a and Figure 11c show that high frequency makes the 
attenuation effect more evident. For lower excess temperatures in which nucleation is the primary 
mechanism, by increasing the frequency the most heat transfer attenuation of -30.1% occurs for 
the lowest mass flow rate of 140 ml/min at the lowest excess temperature of 10 ˚C. This is because 
of suppressed bubbles which are generated on the surface within the liquid film by the high 
acceleration of 12.9 g from the high frequency vibration. Inducing such a force can delay the 
departure of the bubbles from the surface, and in turn, the trapped bubbles reduce the density of 
nucleate sites, which subsequently cause a significant heat flux reduction. Nevertheless, from the 
higher flow rates of 160 ml/min to 200 ml/min as shown in Figure 11c, this hindrance to the 
departure of bubbles is weakened by a more powerful penetration effect of the droplets which were 
strengthened by a higher flow rate. Therefore, the impeding effect of high frequency vibration has 
disappeared from the trend. For the higher excess temperature regions, from the lowest flow rate 
to the maximum of 200 ml/min, the difference between the heat flux values (corresponding to 
cases with and without vibration) increases, giving rise to heat transfer rate reduction of -3.6% in 
Figure 10a. This is because of the impeding effect of high acceleration on the departure of the 
bubbles, which occurs when the penetration force of the high velocity droplets is no longer able to 
improve the density of the nucleate sites. The bubbles at the higher surface temperatures start to 







Fig. 9. Heat flux over the excess temperature for static and Dynamic test runs with the amplitude of 0.02 mm and 






Fig. 10. Heat flux over excess temperature for static and Dynamic test runs with the amplitude 0.02 mm and 
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Fig. 11. Heat flux over excess temperature for static and Dynamic tests with an amplitude of 0.02 mm and 
frequencies up to 400 Hz: (a) 𝒗 =180ml/min and 𝑯 =17mm, (b) 𝒗 =180ml/min and 𝑯 =21mm, (c) 𝒗 =200ml/min 




5.2.3      The effect of low-frequency high-amplitude surface vibration on heat flux  
 
  The results so far have shown the effect of low amplitude vibration on spray cooling for middle 
range and high frequency test runs. The trend for each flow rate was found to be highly dependent 
on the complex relationship between frequency, amplitude, and excess temperature, since it is 
always either enhancing or attenuating the effect in the lower and higher surface temperature 
regions. It would therefore be expected that there should be an optimum value of heat flux. Higher 
amplitudes are needed to assess the sensitivity of such an important parameter, which is important 
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Extenders and power electronics in hybrid electric vehicles [9]). In this regard, 21 tests involving 
vibrations with the largest amplitude possible (i.e. up to 12 mm) corresponding to typical road test 
conditions have been run. The results are shown in Figure 12.  By increasing the vibration amplitude, 
the trend shows interesting behaviour for different volumetric flow rates. At large values of excess 
temperature i.e. ∆𝑇 > 40 ˚C, the difference between heat flux values at the same excess 
temperatures associated with dynamic vibration amplitudes up to 8 mm, and the static case, 
gradually decreases by varying the flow rate from 160 ml/min to 200 ml/min. By contrast, a reverse 
trend is evident, for the largest amplitude as the flow rate increases, when the heat flux is compared 






Fig. 12. Performance boiling curves for large amplitude vibrations at the nozzle height of 17mm 
 












































































































































     To explain the trend observed, the dimensionless acceleration and the vibrational Reynolds 
number for all the large amplitude vibration cases are supplied in Table 7 (each row represents the 
same case in the legends of the figures). By increasing the flow rate, the cases with lower 
acceleration, and a Vibrational Reynolds Number up to 10250, follow the same behaviour; i.e. the 
difference between these dynamic cases and the static case finally converge at a particular flow 
rate. There is obviously a trade-off between the attenuating effect of vibration and the enhancing 
influences of acceleration and flow rate. Considering cases Number 4 and 5 in Table 7 with a similar 
Vibrational Reynolds Number around 10250 but a lower acceleration for case Number 5, the 
performance curve of Case Number 5 converges at a higher flow rate of 200 ml/min. By contrast, 
the boiling curve for Case Number 4 converges to the static performance curve at 180 ml/min. 
Furthermore, the curve for the largest amplitude case of 12 mm, with a smaller acceleration of 0.17 
g, and a Vibrational Reynolds Number around 9740 (which is not very different from 10250), 
compared to Cases 4 and 5, has not yet converged at the flow rate of 200 ml/min. Therefore, the 
reverse trend mentioned for the largest amplitude is now consistent with the conclusion. 
Deductions from performance curves are used in the next section to evaluate how the fitted 
correlation data emulate the effect of varying the key parameters.  
 
Table 7. Acceleration and Vibrational Reynolds number for the large amplitude vibration test runs. 
 
Test case Frequency (Hz) Amplitude (mm) Acceleration (unit of g) Vibrational Reynolds Number  
1 3 2 0.072 2560 
2 6 2 0.289 5130 
3 3 4 0.145 5130 
4 6 4 0.579 10250 
5 3 8 0.289 10250 
6 6 8 1.159 20500 
7 1.9 12 0.174   9740  
 
6 Correlation models 
 
     In choosing a reliable and applicable correlation model either for the purpose of design or for 
thermal management of a hybrid electric vehicle cooling system, three issues are important. First it 
is important for the correlation to be valid in the range of the desired operational conditions. Second 
the reliability of the correlation model should be checked to establish the error band with which the 
correlation model is able to predict the experimental data (by comparison to the model accuracies 
shown in Table 1). Third, precision measuring instruments themselves add some uncertainty to the 
measured empirical data. The uncertainty of measured experimental data can be undertaken using 
the method proposed by Moffat [48]. All the available correlations in nucleate boiling regime are 
classified in Table 1, allowing different models to be chosen based on their operational conditions 
and experimental uncertainties, as well as modelling or data fitting errors. (Only the reported 
limitations are given in Table 1 since the operational conditions are reported with different 
hydrodynamic parameters). 
      For the specific aim of thermal management, owing to the undetectable variability in machining, 
the flow field of spray might differ, resulting in a sizeable error associated with using correlations. 
This may be the case even if the particular nozzle used, is consistent with information reported in 
the literature. Considering this, there are concerns about using spray flow data from one nozzle to 
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predict the heat transfer characteristics of a different nozzle, even if they have the same geometry. 
Overall, the ideal solution is to use the same nozzle [38] to obtain both the hydrodynamic and heat 
transfer characteristics, and then try to use a fitting function or any other modelling approach to 
make a unique correlation for every nozzle. 
     Here the correlations developed by dimensional analysis and similitude (Table 4) are fitted to the 
data points. The whole database associated with the case studies of Static and Dynamic is 
considered for the data fitting. The best root-mean-square error and average deviation for both 
Static and Dynamic cases was calculated using a nonlinear data fitting method via least square 
regression with an optimisation option of ‘bisquare’ for robustness, using the Levenberg-Marquardt 
algorithm. Only the results using this option are presented. For the current study, which has 
invariant parameters of chamber pressure and subcooling degree, the fitting functions (for both 
cases) from Table 3 has been chosen. 
     For static results, Figure 13a shows the experimental results over the predicted data points using 
the chosen fitting function according to: 
 





0.5008                                                                                                                      (8) 
 
where 𝐵𝑜 is Boiling number (𝑞𝐻/𝜇𝑙ℎ𝑓𝑔) and 𝐽𝑎 is Jacob number (𝐽𝑎 = 𝐶𝑙∆𝑇/ℎ𝑓𝑔), which gives the 







Fig. 13. Results predicted by correlations with the error windows: (a) static and (b) dynamic. 
 
 
For measured Dynamic data, three ranges of high frequency and amplitude respectively within the 
range 1.9 Hz to 400 Hz, and 0.02 mm to 12 mm, cover an operating region (as shown in Table 5).  
Figure 13b shows for the dynamic measurements, the predicted results over the experimentally-
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𝐴𝑐0.4998                                                          (9) 
 
where 𝑅𝑒𝑉 = 𝜌𝑙𝑎𝜔𝑑𝐻/𝜇𝑙, the Vibrational Reynolds Number is used for the first time, which includes 
both the amplitude and frequency effects on the heat transfer rate. 𝐴𝑐 = 𝜔2𝑎/𝑔, is the 
Dimensionless Acceleration Number. 
 
 Discussion of the fitted correlation models 
 
     For the static correlation model comparison, all the predicted results (of 42 data points) are 
shown between the error windows of -27.7% and +16.1%, with an average absolute error of 8.87%. 
The maximum absolute error occurred in the predicted data obtained for the data point with the 
lowest heat flux of 360 kW/m2at the flow rate of 180 𝑚𝑙/𝑚𝑖𝑛 (nozzle height of 17mm in Fig. 3). As 
was mentioned previously, this flow rate had a reverse trend, which could be a reason for adversely 
affecting the prediction. Nonetheless, considering the low number of data points, and consequently 
low resolution in the static database, the correlation prediction quality comparing to the rest of the 
available models is of acceptable quality (with reference to the error bands in Table 1). 
     For the dynamic correlation model comparison, which is based on Vibrational Reynolds Number 
and acceleration, demonstrates reasonable prediction capability with average and maximum 
absolute errors of 6.55% and 24.7% respectively. The underestimation of -24.7% is mostly related 
to the mid-range vibrations for heat fluxes above 1500 kW/m2. For the large amplitude low 
frequency vibration results (which are important for the thermal management in hybrid electric 
vehicles), most of the scatter (i.e. underestimation and overestimation of +13.1%) is related to heat 
flux less than 1500 kW/m2. However, for most cooling systems, higher heat removal is important 
to keep the surface temperature within a safe temperature range. Furthermore, since the 
correlation is concise and flexible enough to easily update its empirical coefficients (such as being 
needed to fit the model for use with other nozzles and operating conditions), the models fitted here 
offer potentially promising application to future model-based spray evaporative cooling control 
systems [14, 55]. 
     Further improvement can be obtained by allocating a dynamic model to each mechanical 
vibration range, i.e. Mid-amplitude range (a = 0.08 - 1 mm, 𝑓=10 - 200 Hz), High-frequency (a=0.02 
mm, 𝑓=100 - 400 Hz); and Large-amplitude range (a = 2 -12 mm, 𝑓=1.9 - 6 Hz). After nonlinear model 
fitting to the measured data, new parameters associated with each range plus corresponding 
prediction errors are listed in Table 8. As can be seen, the average absolute deviations and the 
maximum absolute errors are all improved in comparison to the values obtained for the whole 
range. Figure 14 shows the predicted results for the experimentally-measured data in each range. 









Table 8. Dynamic correlation parameters and prediction errors for different vibration ranges -   











𝐀𝐜𝐟, Parameters: a, b, c, d, e, f. 
Vibration range 
Parameters Average of the 
absolute error (%) 
Maximum 
absolute error 
(%) a b c d e f 
Whole 0.0124 1.3920 0.9809 -0.9869 0.4825 0.4927 6.55 24.7 
Mid 0.016 1.3803 0.9837 -1.0347 0.5036 0.5245 2.40 22.4 
High-frequency 0.00048 1.3822 1.0580 -0.4894 0.7811 0.2453 1.00 22.2 
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The effect of dynamic behaviour on the nucleate boiling regime of spray evaporative cooling of 
a horizontal flat test piece with, and without vibration, has been examined using measured data, 
and appropriate dynamic correlation models have been developed and adopted. The flat test piece 
was excited by a shaker with water coolant supplied to the vibrating heated surface via a spray 
nozzle. Comprehensive dimensional and similitude analysis was first undertaken to develop dynamic 
correlation models, and to design a suitable experimental measurement programme. Using a full-
cone nozzle, four volumetric flow rates of 140 ml/min, 160 ml/min, 180 ml/min and 200 ml/min 
were tested. These flow rates are shown to be dependent on the range of vibrations, and the heights 
of the nozzles. Three sets of dynamic conditions have been investigated including a ‘mid-range’ 
frequency, a ‘high’ frequency, and large-amplitude vibrations at ‘low’ frequency.  For the mid-range 
vibrations at frequencies from 10 Hz to 200 Hz, the amplitudes vary from 0.08 mm to 1 mm. Three 
high-frequency vibration test were undertaken at 100 Hz, 200 Hz, and 400 Hz, with a fixed amplitude 
of 0.02 mm, and varying flow rates of 140, 160, 180, and 200 ml/min, at nozzle distances above the 
test piece of 17mm and 21mm.  Large-amplitude vibration tests were undertaken at frequencies of 
1.9 Hz, 3 Hz, and 6 Hz, with amplitudes varying from 2 mm to 12 mm (emulating conditions 
associated with real vehicle dynamics) where the nozzle-to-surface distance was 17 mm, giving the 
highest effective flow rate. The main conclusions are: 
 
• Any increase in volumetric flow-rate, under both Static and Dynamic conditions, was found 
to cause heat transfer coefficient enhancement, except for a flow rate of 180 ml/min, at a 
nozzle height of 21 mm, where a reverse trend occurred. The reason for this reverse trend 
can be attributed to an increase in spray cone-angle with increasing flow-rate. Below a 
nozzle-specific cone angle threshold, heat flux increases with cone-angle. But when this 
threshold is exceeded, heat flux declines with further increase in cone-angle.    
• For the mid-range vibration frequencies from 10 Hz to 200 Hz, the amplitude in general 
impedes the heat transfer rate, while the effect is more visible on the lower excess 
temperatures (less than 30 ˚C). Increasing frequency augments the heat transfer by the 
increased Reynolds number and acceleration. However, the effect of vibration generally 
results in an attenuation in heat transfer compared with static cases. Several mechanisms 
have been identified as the reason depending on the vibration amplitude and frequency, 
flow rate, and excess temperature.  At low amplitude, high frequency vibration, high surface 
acceleration causes bubble suppression which influences nucleate boiling, particularly for 
low flow rate. At high amplitude, low frequency vibration, there are two opposing effects 
associated with increasing dimensionless acceleration which enhances heat transfer, and 
increasing Vibrational Reynolds Number, which suppresses heat transfer and proves to be 
more dominant. 
• For high-frequency vibration, the heat transfer decline occurs more prominently for the 
lower nozzle height of 17 mm compared to the higher nozzle height of 21 mm. The maximum 
heat flux of -30.1% occurred for the lowest flow rate of 140 ml/min at the lowest level of 
‘superheating’ of 10 ˚C. The reason appears to be that lower nozzle heights have greater 




• A performance evaluation of large-amplitude vibrations demonstrated that there is a 
balance between the attenuating effect of vibration and the enhancing influences of 
acceleration and flow rate. 
• The results of the deriving and fitting new dynamic correlation models shows very 
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Nomenclature 
?̇? mass flow rate (kg/s) 
𝑣 volumetric spray flux (m3s-1/m2) 
𝑣 ̅ average volumetric spray flux (m3s-1/m2) 
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A surface area (m2) 
Ac dimensionless acceleration (units of g) 
a Amplitude of vibration (m) 
Bo Boiling number (-) 
Cp Specific heat (kJ/kg k) 
d Diameter (mm) 
d05 mass or volume median diameter (m) 
d32 Sauter mean diameter (m) 
f Frequency (Hz) 
G mass velocity (kg/m2s) 
h specific enthalpy (kJ/kg) 
h heat transfer coefficient (kW/m2 K) 
H height (m) 
Ja Jacob number 
k thermal conductivity (W/m K) 
L length (mm) 
P pressure (kPa) 
Pr Prandtl number, pC k  
v volumetric flow rate (m3/s) or (l/h) 
𝑄 heat (kW) 
q heat flux (kW/m2) 
Re Reynolds number 
𝑅𝑡 mean roughness height (𝜇𝑚) 
T temperature (K) 
u velocity 
We Weber number 
 
Greek symbols 
?̇? volumetric flow rate (m3/s) 
  dynamic viscosity (Kg/m s) 
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∆𝑝 pressure drop (kPa) 
𝛼 spray angle 
𝜌 density (kg/m3) 
𝜎 surface tension (N/m) 
𝜔 Angular velocity (Hz) 








f liquid phase 
v vapor phase 
V vibration 
g gas side 
h heater 
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